Musk odorants are used widely in cosmetic industries because of their fascinating animalic scent. However, how this aroma is perceived in the mammalian olfactory system remains a great mystery. Here, we show that muscone, one musk odor secreted by various animals from stink glands, activates a few glomeruli clustered in a neuroanatomically unique anteromedial olfactory bulb. The muscone-responsive glomeruli are highly specific to macrocyclic ketones; interestingly, other synthetic musk odorants with nitro or polycyclic moieties or ester bonds activate distinct but nearby glomeruli. Anterodorsal bulbar lesions cause muscone anosmia, suggesting that this region is involved in muscone perception. Finally, we identified the mouse olfactory receptor, MOR215-1, that was a specific muscone receptor expressed by neurons innervating the muscone-responsive anteromedial glomeruli and also the human muscone receptor, OR5AN1. The current study documents the olfactory neural pathway in mice that senses and transmits musk signals from receptor to brain.
INTRODUCTION
In 1926, L. Ruzicka reported that muscone, the major fragrant compound in secretions of musk deer, possesses a unique macrocyclic ketone structure (Ruzicka et al., 1926; Walbaum, 1906; Wheeler, 1976) . Since then, compounds with a musk-like aroma have been purified from the stink gland of musk deer, civet cat, musk shrew (sunkus), and muskrat (Ward and Dorp, 1981; Watanabe, 1985; Ruzicka et al., 1926) . All these compounds have macrocyclic ketone structures with 15 to 17 carbons and are most likely derived from long-chain fatty acids (Ward and Dorp, 1981) . Male musk deer secrete muscone from the stink gland to mark territory and to attract females during the mating season (Agosta, 1992) . However, the functions of the musk-like compounds in other species have not been investigated.
Humans have used musk odors in India and China for more than 2,000 years because of their fascinating and distinctive musky fragrance and their physiological effect on humans (Fukui et al., 2007; Kato et al., 2004) . However, natural muscone from musk deer is expensive, and capturing musk deer is currently prohibited. Therefore, hundreds of macrocyclic, nitro, or polycyclic compounds that mimic the aroma of muscone have been synthesized (Matsuda et al., 2004) . Although the quality of the odor of these compounds is similar, the structures differ considerably (see Figure 4) . Because of muscone's unique chemical structure and physiological effects, the mechanism by which its aroma is perceived in the olfactory system is of great interest.
In mammals, individual odorants that enter the nasal cavity are recognized by some of the approximately 1,000 olfactory receptors (ORs) that are expressed on olfactory sensory neurons (OSNs) in the olfactory epithelium (OE) (Touhara and Vosshall, 2009) . Generally, ORs are broadly tuned to various structurally related odorants, and each odorant is recognized by multiple receptors in a combinatorial fashion (Kajiya et al., 2001; Katada et al., 2005; Malnic et al., 1999; Peterlin et al., 2008; Touhara et al., 1999; Touhara and Vosshall, 2009 ). In contrast, some ORs are narrowly tuned and specific to one certain odorant (Keller et al., 2007) . Although Ca 2+ imaging data have demonstrated that some OSNs respond to musk odorants (Nara et al., 2011) , a muscone-responsive OR has not yet been identified in HEK293 cell-based high-throughput screens for odorant-OR pairs (Saito et al., 2004 (Saito et al., , 2009 ). Thus, the number of muscone ORs and the specificity of such ORs for muscone have not been determined. Each OSN expresses only one type of OR and axons of OSNs that express the same OR gene converge onto two stereotypically positioned glomeruli in the olfactory bulb (OB), which is the primary olfactory center (Mori and Sakano, 2011) . Therefore, the glomerular response patterns represent the combination of activated ORs (Mori et al., 2006) . Several optical imaging methods that allow for visualization of glomerular responses in the OB have been developed; these methods use Ca 2+ signals (Wachowiak and Cohen, 2001) , intrinsic signals (Uchida et al., 2000; Wachowiak and Cohen, 2001 ), or genetically modified mice that express one of several genetically encoded fluorescent proteins such as the exocytosis indicator (synaptopHluorin [spH] ) (Bozza et al., 2004) or a Ca 2+ sensor (G-CaMP2) (Bozza et al., 2004; Ma et al., 2012) . These methods allow for measuring responses in the dorsal and lateral OB to various odorants (Bozza et al., 2009; Igarashi and Mori, 2005; Matsumoto et al., 2010; Takahashi et al., 2004; Uchida et al., 2000) . However, the medial region of the OB has not yet been successfully imaged because the anatomy of this region presents technical obstacles. In contrast, the entire OB can be examined with an immediate-early gene expression assay using c-Fos and Zif268 or with an [ 3 H]2-deoxyglucose-uptake assay; however, the response to only one odorant can be examined per mouse with either of these assays (Inaki et al., 2002; Johnson and Leon, 2000; Onoda, 1992) . Here, we attempted to determine how muscone signal is processed by the mouse olfactory system and represented in the brain. We show that muscone is detected by a few narrowly tuned glomeruli clustered in a neuroanatomically unique anterodorsomedial region of the OB by in vivo imaging; importantly, this region was inaccessible with any of the previous imaging methods. Moreover, ablation of muscone-responsive glomeruli in this region resulted in muscone anosmia. Using a retrograde dyelabeling technique, we identified a mouse muscone receptor, MOR215-1, and also a human muscone receptor, OR5AN1. Muscone appears to be an excellent model odorant that may provide researchers in the field of odor perception an avenue by which to investigate the mechanisms of (1) odor reception by a small number of glomerular units in the OB, (2) transmission of the resulting signals to the olfactory cortex where olfactory perception is achieved, and (3) integration of the signals in the higher brain regions that influence emotion and elicit behavior.
RESULTS

Anterodorsomedial Glomeruli in the Mouse OB Respond to Muscone
To identify olfactory glomeruli that respond to muscone, we used an in vivo optical imaging method and mice, designated OMPspH mice, that express spH under the control of an olfactory marker protein (OMP) promoter in all mature OSNs to examine neural activity in the mouse OB (Bozza et al., 2004) . We applied four different odorants (i.e., eugenol, hexanal, benzene, and muscone), one at a time, to anesthetized OMP-spH mice. In the dorsal part of the OB, we found glomeruli that responded to eugenol or hexanal, but not to benzene or muscone (Figure 1B) . Additionally, many glomeruli in the lateral region of the OB responded to benzene or hexanal ( Figure 1C ). The spatial distributions of glomeruli responsive to benzene, eugenol, or hexanal were consistent with previous imaging data (Bozza et al., 2004; Igarashi and Mori, 2005; Oka et al., 2006; Uchida et al., 2000) . However, none of the glomeruli in either of these regions responded to muscone, suggesting that musconeresponsive glomeruli may be located in the medial or ventral part of the OB.
We then attempted to image the medial region of the OB. A unilateral bulbectomy allowed us to expose most of the medial surface of the OB, an area that had not previously been optically imaged successfully ( Figures 1D and 1E) . Because of the curved surface of the OB, the optical imaging of the dorsomedial region was performed separately from that of the ventromedial region. We could not record a response from one part of the central region of the medial OB because the vomeronasal axon bundles obscured our view ( Figure 1A ). Several glomeruli in the ventromedial regions, which cover about half of the medial OB, (A) Schematic drawing of an unrolled map of the mouse OB. Each imaged region is indicated by a different color. Dorsal region, blue; lateral region, green; ventromedial region, orange; dorsomedial region, pink. The gray shading indicates the axon bundles of vomeronasal sensory neurons as they project to the accessory olfactory bulb. The typical blood vessel patterns are shown as red lines in the schematic drawing. The dotted line shows a hypothetical boundary between the medial and lateral map (Nagao et al., 2000) . (B-E) Pseudocolored images of glomerular responsive patterns in the OB of the same animal stimulated by various odorants. The odorant concentration used for each odorant in this experiment was 100%. Muscone only activated the dorsomedial region in the OB. See also Figures S1A and S1B. responded to benzene, eugenol, or hexanal; however, none of the glomeruli in these regions responded to muscone ( Figure 1D ). None of the glomeruli in the dorsomedial regions, which cover about 20% of the medial OB, responded to benzene, eugenol, or hexanal, but a few of these glomeruli responded specifically to muscone (Figures 1E, 2A, and 2B) . We examined the dose dependence of these muscone-responsive glomeruli; the threshold concentration of muscone that elicited a response was around 1% (v/v) in mineral oil (Figures S1A and S1B available online). Based on gas chromatography and mass spectrometry, this muscone-oil solution generated 4 nM headspace muscone.
Muscone Activates Only One or a Few Glomeruli Clustered in a Small Anterior Area of the Dorsomedial OB We next determined the number and location of the musconeresponsive glomeruli in different individuals. Muscone activated one to three glomeruli in the anterior part of the dorsomedial OB (Figures 2A and 2B ). Of the 15 mice examined, ten exhibited a muscone response in one glomerulus, four had two musconeresponsive glomeruli, and one had three muscone-responsive glomeruli ( Figure 2B ). We did not find any mice that had four or more muscone-responsive glomeruli. The muscone-responsive glomeruli were located within a 500 3 500 mm area ( Figure 2B) ; this finding was consistent with previous findings on spatial distribution of other glomeruli such as P2 and mOR-EG glomeruli (Schaefer et al., 2001; Oka et al., 2006) . No obvious difference was observed among OMP-spH homozygous, heterozygous, male, and female mice with regard to odorant-evoked patterns. Thus, in case of homozygous male mice, six animals had single, four animals had double, and one animal had triple muscone-responsive glomeruli. All of four homozygous female mice had single muscone-responsive glomerulus. In case of heterozygous male mice, two animals had single and one animal had double muscone-responsive glomeruli. The sizes of (A) Pseudocolored images of glomerular-response maps evoked by muscone from six animals. The animals were divided into the following three groups based on the number of muscone-responsive glomeruli: animals with a single glomerulus (a-c), those with two glomeruli (d and e), and those with three glomeruli (f). (B) Summary of the positional distribution of glomeruli activated by muscone from 15 animals: animals with a single glomerulus (n = 10), double glomeruli (n = 4), and triple glomeruli (n = 1). The label (i.e., letter) indicates that images were derived from the same animal in (A). Other marks in top and middle panels are muscone-responsive glomeruli from animals that are not shown in (A). The coordinates of each glomerulus were calculated as the distance from the most anterior side (x) and the most dorsal side (y) of the OB. See also Experimental Procedures. (C) Area of responsive glomeruli was calculated by ImageJ (NIH). *p = 0.0032, unpaired t test. Black bar indicates the average area for each group. the muscone-responsive glomeruli ranged from 0.3 to 1.6 3 10 4 mm 2 ( Figure 2C ). The muscone-responsive glomeruli in the mice with only one such glomerulus were each approximately twice as large as each muscone-responsive glomerulus in mice with two or three such glomeruli ( Figure 2C ).
The Spatial Pattern of c-Fos-Positive Glomeruli in the OB after Muscone Exposure We were unable to image the most anterior part and the most ventral part of the OB because the anatomy of the OB precluded the use of our imaging methods. Therefore, we used c-Fos immunostaining to label muscone-responsive glomeruli throughout the entire OB. One-minute odor stimulation in freely behaving mice resulted in expression of c-Fos in both the glomerular and the granule cell layer of the OB. Upon stimulation with muscone, c-Fos expression was induced in the periglomerular cells of one, two, or three glomeruli in the anterodorsomedial region of the OB ( Figures 3A and 3C ). The cells just beneath the activated glomeruli, both the mitral, tufted cells (M/T cells) and the granule cells, were also c-Fos positive, and these c-Fospositive cells formed column structures ( Figure 3A ). Each muscone-responsive glomerulus examined (n = 4) had approximately 18 c-Fos-positive mitral cells, a finding consistent previous anatomical findings (Haberly and Price, 1977) . Of 17 muscone-stimulated mice, six animals had one glomerulus with c-Fos signal, seven animals had two such glomeruli, and four animals had three. Based on c-Fos signal, none of the mice had four or more muscone-responsive glomeruli in the dorsomedial area; these data were consistent with the OB imaging data. Moreover, the spatial distribution of activated glomeruli in the dorsomedial OB, as determined with the c-Fos assay, was similar to the distribution determined with bulbar imaging ( Figure 3C ). In five out of the 17 mice examined, muscone induced c-Fos expression in additional glomeruli in the most ventral part of the OB ( Figure 3C ). In contrast, we observed 37, 46, and 56 c-Fospositive glomeruli from three individuals when mice were stimulated with eugenol ( Figure 3B ). The number and distribution of c-Fos-positive glomeruli after eugenol stimulation were similar to the number and distribution of eugenol-activated glomeruli as determined via spH imaging ( Figure 1 ). As was observed with in vivo imaging, 1% muscone was enough to elicit c-Fos expression ( Figure S1C ). There was no difference in the number or distribution of c-Fos-positive glomeruli after odor stimulation among strains or between the sexes. We did not find any muscone-induced c-Fos-positive cells in the accessory OB. The results from spH imaging and c-Fos immunostaining were similar, and both data sets indicated that muscone is recognized by one or, at most, a few dorsomedial and ventral glomeruli in the OB.
Structure-Activity Relationship Revealed Narrow Tuning of the Muscone-Responsive Glomeruli A variety of odorants with a muscone-like odor (musk odorants or musks) have been synthesized. Each compound possesses a macrocyclic, nitro, or polycyclic moiety; despite their distinct chemical structures, they all exhibit a similar odor character. Therefore, we used the spH-bulbar imaging to determine whether each of nine such musk odorants and each of three structural analogs (nonmusk odorants) activate musconeresponsive glomeruli ( Figure 4A ). The muscone-responsive glomeruli were activated by each of three macrocyclic musk odorants, including cyclopentadecanone and ambretone. A macrocyclic lactone (exaltolide), a macrocyclic diester (ethylene brassylate), two nitro musks (musk xylol or musk ketone), two polycyclic musks (tonalide or galaxolide), and three structural analogs (cyclopentadecanol, cyclopentadecane, or cyclohexanone) each did not elicit a response from muscone-responsive glomeruli. The muscone-responsive glomeruli did not respond to any of 52 other odorants tested; these 52 odorants represented a wide variety of chemical structures and functional groups ( Figure S2 ). These results indicated that the musconeresponsive glomeruli specifically discriminate the macrocyclic ketone structure. Commercially available muscone is a racemic mixture, and we used racemic muscone in this study unless otherwise noted. Importantly, the enantiomers differ from each other with regard to odor quality and the odor detection threshold in humans (Kraft and Frá ter, 2001 ). Specifically, l-muscone has a detection threshold of 61 ppb (in water), and its odor quality is described as ''strong, excellent, and pervasive musk odor''; in contrast, d-muscone has a detection threshold of 233 ppb (in water), and its odor quality is described as ''weak and poor musk odor.'' We used OB imaging to examine the neuronal responses to pure l-muscone and to pure d-muscone and to compare these responses to each other and to the responses to racemic muscone. l-and racemic muscone evoked signals that had similar response amplitudes; in contrast, for individual glomeruli, the signal evoked by d-muscone was approximately 50% smaller than that evoked by l-muscone ( Figure 4B ).
To identify glomeruli that showed a response to musk odorants, we used the c-Fos assay to assess the neuronal response to ambretone, to musk xylol, to ethylene brassylate, and to galaxolide. Glomeruli that were c-Fos positive and therefore responsive to each of these musk odorants were evident in the anteromedial regions of the OB, but not in the dorsal or lateral regions ( Figure 4C ). Consistently, no responsive glomerulus was found in the dorsal or lateral regions based on in vivo OB imaging. Each responsive glomerulus was close to muscone-responsive or ambretone-responsive glomeruli at the edge of or outside of the dorsomedial imaging area. These results indicated that musk-related odorants tend to be recognized by glomeruli that are in close proximity to the muscone-responsive glomeruli and that the OR(s) expressed in the neurons that innervate the dorsomedial muscone-responsive glomeruli are tuned to C15 or C16 macrocyclic ketones.
Muscone-Responsive Glomeruli Are Located in a Spatially Unique OCAM-Positive Region of the OB To examine the topographical position of glomeruli in the dorsomedial imaging region, we treated serial coronal sections of the OB with anti-OCAM antibody, which specifically labels the ventrolateral zone of the OE and OB (Yoshihara et al., 1997) . The area with OCAM-positive glomeruli is depicted in the unrolled map of the OB ( Figure 5A ). The lateral OB was entirely OCAM positive; moreover, the OCAM-positive area partially extended into a mushroom-shaped portion of the medial OB, as previously reported (Nagao et al., 2000) . This OCAM-positive medial area encompassed all muscone-responsive glomeruli that were identified by spH imaging ( Figure 5A ). Double staining of the OB in a muscone-stimulated mouse with anti-c-Fos antibodies and anti-OCAM revealed that the c-Fos-positive glomeruli were indeed also OCAM positive (Figure 5B and Figure S3A) . Of the three mice used for double staining, one had a ventral c-Fos positive glomerulus, and this glomerulus was also OCAM positive (mouse 2 in Figure 5A and Figure S3A ). In contrast, the musk xylol-responsive glomeruli identified in a c-Fos assay ( Figure 4C ) were located in an OCAM-negative area of the OB (Figures 5A and 5C and Figure S3B ).
A Behavioral Response to Muscone Is Impaired by Bulbar Lesion in the Dorsomedial Region
We used tissue ablation and a behavioral assay to determine whether the dorsomedial region is involved in perception of muscone. Surgically altered and intact mice were subjected to odorant-finding tests ( Figure 6A ). Intact mice could find eugenol or muscone in 1-2 min ( Figure 6C, 1 and 2 ), as could mice with a unilateral partial bulbectomy ( Figure 6C, 3 and 4) . In the mice with unilateral partial bulbectomy, c-Fos induction was hardly observed in the ipsilateral piriform cortex ( Figure S4 ). Mice with bilateral lesions, one in each dorsomedial bulbar area (purple circles in Figure 6B ), wherein mucone-responsive glomeruli reside, found eugenol as well as intact mice did; however, the mice with bilateral dorsomedial bulbar lesions generally could not find muscone within 5 min, whereas intact mice could ( Figure 6C , 1, 2, 5, and 6). Mice with bilateral lesions in the dorsal OB (orange circles in Figure 6B ; the size of lesions were as the same as purple circle ones) found eugenol or muscone as well as intact mice did ( Figure 6C , 7 and 8). These results indicated that activation of the glomeruli in the dorsomedial bulbar area is involved in perception of muscone in mice. Moreover, a partial lesion of the OB apparently does not affect a mouse's ability to detect any odorant (e.g., eugenol) that activates many glomeruli, whereas it affected the ability of the mice to detect an odorant, such as muscone, that is recognized by only one or a few glomeruli.
Identification of a Muscone-Responsive OR
We used the following two methods to identify muscone receptors. First, we attempted functional cloning of muscone OR(s) from olfactory neurons that had been retrogradely labeled by DiI (1, 3, 3 0 ,3 0 -tetramethylindocarbocyanine perchlorate) from muscone-responsive glomeruli (Oka et al., 2006) ; second, we used calcium imaging together with singlecell RT-PCR to isolate muscone OR(s) from muscone-responsive olfactory neuron (Malnic et al., 1999; Touhara et al., 1999) . For the first method, we injected DiI into muscone-responsive OCAM-positive glomeruli to label, via retrograde filling, the innervating olfactory neurons. The labeled neurons were located in the intermediate area of the olfactory epithelium (classically defined as zone 2-3) ( Figure S5A ) (Schoenfeld and Cleland, 2005) . We performed single-cell RT-PCR with each labeled olfactory neuron and thereby cloned several OR genes. With the second method, we found four muscone-responsive neurons among 1,450 olfactory neurons in the ventral olfactory epithelium (Figures S5B-S5D ). From these four musconeresponsive neurons, several OR genes were cloned by singlecell RT-PCR.
We expressed these candidate ORs and their homologous ORs in a heterologous system such as Xenopus oocytes or Human embryonic kidney 293 (HEK293); interestingly, only one candidate OR, MOR215-1, showed any response to muscone. Specifically, MOR215-1 elicited an electrical response to muscone in Xenopus oocytes and a cAMP response in HEK239 cells (Figures S5E and S5F and Figures 7A and 7B) . The dosedependence experiments revealed that the EC 50 values of the muscone-MOR215-1 interaction in oocyte recordings or luciferase assays were 3.8 and 2.5 mM, respectively (Figures 7A and 7B) . No response was observed in noninjected oocytes except that forskolin, a positive control reagent, did elicit a response. MOR215-1 mediated no response in oocytes to any other odorant cocktail ( Figure 7C) ; these findings were consistent with the bulbar spH imaging data ( Figure S2 ). MOR215-1 responded to macrocyclic ketone musks, but not to other musk odorants or structural analogs that also did not evoke a response in the spH imaging assays ( Figures 4A, 7D , and 7E). Moreover, l-muscone (EC 50 = 1.6 mM, n = 3) showed the higher affinity for MOR215-1 than racemic muscone (EC 50 = 4.2 mM, n = 3) and d-muscone (EC 50 = 178 mM, n = 3), consistent with the spH imaging data (Figures 7F and 4B) . These results suggest that MOR215-1 corresponds to the OR expressed in olfactory sensory neuron that innervates the muscone-responsive glomeruli.
In addition, we found that OR5AN1, a human OR that has the highest amino acid identity (68%) to MOR215-1, responded to muscone at an EC 50 value of 32.1 mM in the luciferase assay ( Figure 7G ). The EC 50 value of human muscone receptor was approximately 10-fold higher than that of the mouse muscone receptor. Neither OR5A1 (64% amino acid identity to MOR215-1) nor OR5A2 (62% amino acid identity to MOR215-1) showed any response to muscone ( Figure S6F ).
MOR215-1-Glomeruli Are Responsive to Muscone
To examine whether MOR215-1-expressing neurons innervate muscone-responsive dorsomedial and ventral glomeruli, we generated the MOR215-1-IREStau-EGFP strain in which OSNs expressing the endogenous MOR215-1 gene were labeled with GFP. The number of GFP-positive glomeruli (MOR215-1 glomeruli) per unilateral OB was 1.9 ± 0.56 (mean ± SD, n = 8, 3-week-old mice). MOR215-1 glomeruli were located in the dorsomedial and ventral region of the OB ( Figure 7H ; Figure S6 ). The glomerular localization pattern ( Figure 7I ) was similar to the muscone-responsive glomeruli (Figures 2 and 3C ; Figure S3A ). Indeed, MOR215-1 has previously been described under the name R36, and R36-positive glomeruli appear to be located in the same anterodorsomedial and ventral regions (Nagao et al., 2000) . Using these mice, we performed c-Fos analyses upon stimulation with muscone. The OB sections were immunostained with anti-c-Fos and anti-GFP. The juxtaglomerular cells surrounding all the GFP-positive MOR215-1 glomeruli were c-Fos positive (Figures 7J and 7K ; Figure S6 ). There also existed a few c-Fos-positive but GFP-negative glomeruli (the number of GFP-negative glomeruli/the number of c-Fos-positive glomeruli = 7/16 in total from 4 mice) that were located near the GFP-positive MOR215-1 glomeruli but not on the dorsal or lateral side of the OB, suggesting a possibility that there is an additional muscone receptor. These data clearly show that MOR215-1 is a receptor expressed by neurons innervating the muscone-responsive glomeruli.
Muscone-Induced c-Fos Expression in the Higher Brain Regions
We next asked where in the higher brain area was the muscone signal received and integrated. In the mammalian olfactory system, dozens of M/T cells receive olfactory sensory inputs from one glomerulus and send many axons to various areas of the olfactory cortex (Ghosh et al., 2011; Heimer, 1968; Horowitz et al., 1999; Miyamichi et al., 2011; Price, 1973; Shipley and Adamek, 1984; Sosulski et al., 2011; Yoshihara et al., 1999) . Here, we conducted c-Fos analyses of olfactory cortical regions. In muscone-stimulated mice, a few glomeruli (2, 2, and 3 in three mice) in the OB were activated, and 65, 84, and 105 (n = 3, respectively) pyramidal cells in the anterior PC (APC) were c-Fos positive (i.e., activated), and 76, 123, and 152 pyramidal cells in the posterior PC (PPC) were c-Fos positive ( Figures 8A  and 8D ). In contrast, eugenol induced c-Fos expression in more pyramidal cells of the APC and the PPC than did muscone. Eugenol activated 37, 46, and 56 glomeruli in the OB of each mouse (n = 3), 974, 550, and 650 (n = 3, respectively) pyramidal cells were c-Fos positive in the APC, and 464, 457, and 645 pyramidal cells were c-Fos positive in the PPC (Figures 8B and  8D) . The results of this c-Fos analysis indicated that the number of c-Fos-positive neurons in the PC is not simply proportional to the number of odor-activated glomeruli in the OB, although it can be said that when more glomeruli are activated, more neurons are activated in the PC.
In contrast, there was no significant difference between muscone and eugenol stimulation with respect to the number of c-Fos-positive neurons in the lateral olfactory tract (LOT), the cortex-amygdala transition zone (CxA), the anterior cortical amygdaloid nucleus (ACo), the posterolateral cortical amygdaloid nucleus (PLCo), the basolateral amygdala (BLA), the posterior medial amygdala (MeP), or the central amygdala (CE) areas, and there were no topographically fixed spatial patterns of c-Fos expression for either odorant ( Figure 8D ). In the anterior olfactory nucleus (AON), the olfactory tubercle (Tu), the lateral entorhinal cortex (LEnt), the anterior medial amygdala (MeA), and the posteromedial cortical amygdaloid nucleus (PMCo), eugenol activated significantly more neurons than muscone. Interestingly, muscone activated significantly more neurons in the basomedial amygdala (BMA) than eugenol in spite of the difference in the number of c-Fos-positive glomeruli. Two areas-the bed nucleus of the stria terminalis (BNST) and the ventral endopiriform nucleus (VEn)-were activated by muscone, but not by eugenol.
DISCUSSION
Because of its pleasant odor, structural uniqueness, and commercial value, muscone has attracted the interest of many chemists, biologists, and industrial scientists for many years. To understand the mechanisms underlying muscone perception, we attempted to identify muscone-responsive glomeruli and muscone-responsive ORs in the mouse olfactory system. Therefore, we developed an imaging method that allowed for visualization of responses to odorants in the previously inaccessible medial regions of the mouse OB. Using this technique, we found Figure S4 ). A schematic summary of muscone-responsive glomeruli in the OB imaging is also shown with dots (n = 10, representative data are selected from Figure 2B ). (C) Latency to find the odor source. Each dot represents a single individual (1 to 4). Dots connected by lines indicate the same individual (5 and 6, 7 and 8). The animals used in 3 and 4 were subjected to partial unilateral bulbectomy. Individuals that failed the odor-source-finding test were assigned a score of 5 min, which was all the time allotted for a single test. (**p < 0.01, two-tailed Mann-Whitney U test, between 1 and 5, 3 and 5; *p = 0.015, Wilcoxon signedrank test, between 5 and 6). 1, n = 6; 2, n = 5; 3, n = 6; 4, n = 3; 5 and 6, n = 6; 7 and 8, n = 3. MOB, main olfactory bulb; Mus, muscone; EG, eugenol.
that macrocyclic musk compounds-including muscone-were specifically recognized by one, or at most a few, receptors expressed by neurons that innervate the dorsomedial glomeruli. Findings from a behavioral analysis indicated that the dorsomedial glomerulus must be activated to elicit perception of muscone in mice. Moreover, the identified muscone-responsive OR, MOR215-1, was highly specific and selective for macrocyclic ketone musks. Finally, we demonstrated how a few clustered glomeruli-mediated muscone signals were represented in the brain. This study provides information on mechanisms of musk odor sensing and perception from receptor neuron to the cortical area.
The technical advance in this study that led to the successful identification of muscone-responsive glomeruli was apparently the development of an OB-imaging method that allows for visualization of odor responses in the medial region of the OB because these regions were inaccessible with previously developed imaging methods. Here, we used OMP-spH mice and spH optical imaging to visualize odorant-responsive neurons. However, we could not use calcium imaging (Wachowiak and Cohen, 2001) in the medial OB because the calcium dyes produced high background, which was derived from OSN axons, that obscured the medial OB regions. With this spH-based imaging, the area of the OB that is accessible to in vivo recording has been extended from 40% to about 70% of the entire surface of the OB. Therefore, the odor spectra of most ORs can be analyzed and, consequently, more precise odor maps can be constructed.
The structure-activity relationship of the muscone receptor suggests that the muscone receptor is specific to C15 and C16 macrocyclic ketone compounds and that the ketone moiety may function as a hydrogen bond acceptor. Ruzicka synthesized macrocyclic ketones ranging in size from C9 to C20 and reported that the C9-C12 compounds smelled camphor-like, C13 compounds smelled woody, and the C14-C20 compounds smelled musky, suggesting that the size of the ring is an important determinant of musk scent (Ruzicka et al., 1926) . These human sensory evaluations were consistent with the structure-activity relationship of mouse MOR215-1 and of human OR5AN1; together, these findings suggested that we humans might recognize macrocyclric ketone musk odors via OR5AN1. About 6% of humans are muscone anosmic (Wysocki, 2009, Chem. Senses, abstract) ; therefore, muscone may be recognized by only a small set of ORs, including OR5AN1 in humans, and genetic variation in these receptors may cause muscone anosmia, as is the case for the putative human pheromone, androstadienone (Keller et al., 2007) .
Musk odors have been widely used commercially in products ranging from cosmetics to detergents. However, the stink gland of the male musk deer is one of the most expensive animal products; therefore, most musk fragrances used in perfumery are synthetic musk odorants (Matsuda et al., 2004) . These synthetic musks can be classified as aromatic nitro musks, polycyclic musks, or macrocyclic musks, and further development of musk odorants has been an important and challenging task in this industry. Here, we demonstrated that the muscone receptor MOR215-1 and the muscone-responsive glomeruli were finely tuned to C15 and C16 macrocyclic ketones originally derived from animals. Nevertheless, despite the diversity in the chemical structures of musk odorants, synthetic nonmuscone musk odorants tended to be recognized by glomeruli in a medial region that was physically close to the medial region responsible for muscone reception. Thus, it is possible that the perception of animalic musk-like aromas may be processed in brain regions that are connected to a neural pathway that originates from this dorsomedial area of the OB. In this regard, screening of compounds that specifically stimulate this bulbar region may lead to development of commercially useful novel compounds that have a musk-like aroma.
What is the biological function of musk? Muscone released from a scent gland of male musk deer attracts female mates. Muskrat is a murine rodent that secretes macrocyclic ketone (i.e., musks) to mark territory. Thus, musk odors are utilized for intraspecific pheromonal communications in some animal species. The function of musk in mice, however, is unknown. Investigation of MOR215-1 orthologs in these animals and their natural ligands may provide insight into the function of musk in mice. Moreover, it is tempting to speculate that the anteromedial domain in the OB, which includes OCAM-positive musk-responsive glomeruli, may be anatomically and functionally conserved among animal species and may represent a common ancestor of a functional neural unit for perception of chemosensory cues (Johnson et al., 2009; Soucy et al., 2009) . Similar types of correlations between spatial neural patterns and biological functions have been observed for the posterodorsal OB (the DIII domain) and recognition of amine odorants associated with tissue decomposition (Bozza et al., 2009; Johnson et al., 2012; Pacifico et al., 2012) and for a specific region of the dorsal OB (the DII domain) and innate aversive behavior in mice (Kobayakawa et al., 2007) . The anteromedial domain may be a novel functional domain that is similar to the DII and DIII domains.
In this study, we used c-Fos immunohistochemistry to visualize neural activation throughout the entire brain. Musconeinduced activation pattern was derived from one, or at most a few, glomeruli that represent the signals from one or two ORs. In this regard, the number of neurons that are activated by muscone in the PC approaches a lower limit. Notably, the number of muscone-activated APC neurons (i.e., 85 ± 20, mean ± SD) was almost the same as the number of neurons that provides sufficient information to account for accurate odor discrimination behavior (i.e., fewer than 100 APC neurons) (Miura et al., 2012) . Recently, the anterograde neuronal tracing methodology has been used to visualize the distribution of axonal termini that originate from secondary olfactory neurons (M/T cells) that in turn originate from one glomerulus unit (Ghosh et al., 2011; Sosulski et al., 2011) . These tracing techniques could not be used to mark neurons in the higher cortical areas that were activated transsynaptically. In this study, using c-Fos assays, we showed how neural inputs derived from a few clustered glomeruli were sent to discrete areas located throughout the entire forebrain. An interesting observation is that, in contrast to the case of the PC, for most activated forebrain areas, the number of c-Fospositive cells was very similar following eugenol or muscone activation. However, there were several areas that were activated by muscone, but not by eugenol. Whether and how the physiological function of muscone in mice is correlated with the activation pattern in the higher brain areas are interesting questions. 
Odorants
Odorants utilized in this study were kindly provided by Takasago International Corporation or purchased from Wako or TCI. The optical purity of l-and d-muscone is >98% enantiomeric excess (ee) and 96% ee, respectively. Odorants were prepared in a 5 ml glass tube as a pure substance and presented in front of the nostrils of each mouse for in vivo OB imaging. To measure the actual muscone concentration of headspace of an odorant glass tube, we directly measured the vapor concentration of muscone (both a pure substance (B) Dose-response curve of HEK293 cells that expressed MOR215-1 and were subjected to a luciferase assay. The luciferase activities were normalized as a percentage of the response to 100 mM muscone. Error bars represent ±SE (n = 3). See also Figure S5F . (C) Responsiveness of MOR215-1 to various odorant mixtures (each odor concentration is 0.3 mM, see Experimental Procedures for details) in the Xenopus oocyte electrophysiology system. (D) MOR215-1 showed responses to macrocyclic ketone musks. 1, muscone; 2, cyclopentadecanone; 3, ambretone. Other musk odorants and analogs were 4, musk xylol; 5, musk ketone; 6, exaltolide; 7, ethylene brassylate; 8, tonalide; 9, galaxolide; 10, cyclopentadecanol; 11, cyclopentadecane; 12, cyclohexanone . The schematic figure depicts the classic main olfactory pathway and a part of the vomeronasal pathway. We performed nonrepeatedmeasured ANOVA with a Bonferroni correction; the statistical differences between muscone and eugenol stimulations are indicated in this graph (*p < 0.05, **p < 0.001). See also Figure S7 . MOB, main olfactory bulb; AOB, accessory olfactory bulb; APC, anterior piriform cortex; PPC, posterior piriform cortex; AON, anterior olfactory nucleus; Tu, olfactory tubercle; LOT, lateral olfactory tract; CxA, cortex-amygdala transition zone; ACo, anterior cortical amygdaloid nucleus; PLCo, posterolateral cortical amygdaloid nucleus; LEnt, lateral entorhinal cortex; BMA, basomedial amygdala; BLA, basolateral amygdala; MeA, anterior medial amygdala; MeP, posterior medial amygdala; PMCo, posteromedial cortical amygdaloid nucleus; CE, central amygdala; BNST, the bed nucleus of the stria terminalis; VEn, ventral endpiriform claustrum.
and an oil-diluted form) by GC-MS (Shimadzu). See also Supplemental Experimental Procedures.
In Vivo spH Imaging in the OB In vivo imaging in the OB was performed on 5-to 8-week-old homozygous or heterozygous OMP-spH mice (The Jackson Laboratory) as described previously (Bozza et al., 2004) in accordance with the guidelines of the animal experiment committee of the University of Tokyo. Imaging of the dorsal region of the OB was performed as previously described (Oka et al., 2006) . Imaging of the lateral region of the OB was performed as previously described (Igarashi and Mori, 2005) . For imaging of the medial region of the OB, unilateral bulbectomy was performed. Unilateral suction of the OB was done carefully so that the medial surface of the contralateral, intact OB was unhurt. Although the axon bundles of the vomeronasal sensory neurons cover part of the medial surface, approximately 20% of the OB can be observed by this method. See also Supplemental Experimental Procedures.
Data Analysis of OB Imaging
Spatial maps of odor-responsive patterns were obtained by dividing the temporal average of signals acquired during odor stimulations (from 1 to 4 s after stimulus onset) by 2 s temporal average acquired before stimulation. For generation of figures, each map was smoothed using a 3 3 3 pixel kernel and normalized to the maximum signal amplitude (max DF/F) for the respective trial. All spatial data were analyzed and processed using AQUA COSMOS software (Hamamatsu Photonics) and Photoshop (Adobe). The position of each glomerulus was determined as a coordinate represented by the distance from the most anterior side (x) and the most dorsal side (y) of the OB.
Immunohistochemistry
Mice were placed in cages and left to freely access an odor source. Mice were stimulated with the odorant for 1 min. Within 1 min, the mice found the odor source and sniffed the odorant one to ten times. After the stimulation, odor source was taken out immediately. After 70 min, each mouse was anesthetized with sodium pentobarbital (75 mg/kg) and transcardially perfused with PBS and 4% paraformaldehyde in PBS. Brains were stored overnight in cryoprotection solution (20% sucrose in PBS) and stained with antibodies. See also Supplemental Experimental Procedures.
Data Analysis of c-Fos Assay
The position of each c-Fos-positive glomerulus was determined as previously described (Inaki et al., 2002; Nagao et al., 2000) . Briefly, we traced outlines of the OB section. The OB section was flattened by opening it along its ventral edge (white arrowheads in Figures 3A and 3C) , and an unrolled map of each OB was made. The position of individual c-Fos-positive glomeruli was determined by measuring the distance (y axes in Figure 3C ) from the dorsal edge of the mitral cell layer (x axes and black arrowheads in Figures 3A and 3C) to the targeted glomerulus. OCAM maps in Figure 5A were constructed from the results of immunohistochemical analysis of the OB from each of five mice.
To count c-Fos-expressing cells in the cortex, we collected the hemisphere of brain sections that contained the entire structure of interest following the Mouse Brain Atlas (Franklin and Paxinos, 2008) and cells in those regions that expressed c-Fos were counted.
Behavioral Assay
The mice used in this experiment were 6-week-old C57BL/6 (Charles River Japan). To surgically remove a specific part of the olfactory bulb, we anesthetized mice by subcutaneous injection of ketamine (70 mg/kg) and medetomidine (0.5 mg/kg), and we thinned the skull overlying the anterodorsal surface of the OB with a dental drill and then removed it. Suction of the olfactory bulb was done with a thinned-tip Pasteur pipette. To prevent adhesion of the surgical sites, we stuffed operated regions with Spongel (Astellas Pharma). Then each animal was housed individually in its home cage with an odorless paper floor mat. In the same home cage and 5 days after the surgery, odorsource-exploring experiments were conducted as follows. A mouse was exposed for 5 min to the tip of a glass capillary that had been dipped in one odorant (odor source), and the time taken to begin actively sniffing the actual odor source (the tip of a capillary) was recorded. The tip of each capillary was carefully set so that the mouse could not directly reach it. In addition, each odor stimulation experiment, if not otherwise specified, was carried out only once for an individual animal. All the experiments were carried out during dark periods and were designed in a double-blind manner.
Xenopus laevis Oocyte Electrophysiology
Preparation of Xenopus laevis oocytes was performed as described previously (Yoshikawa et al., 2013) . Each oocyte was microinjected with complementary RNA that encoded an OR tagged with the N-terminal 20 amino acids of bovine rhodopsin (20 ng), Gaolf (10 ng), RTP1S (10 ng), and CFTR (10 ng). The N-terminal epitope tag enhances the membrane localization of OR proteins but does not modulate ligand specificity. After 3.5-4.5 days, whole-cell currents were recorded at a holding potential of À80 mV with two electrodes filled with 3 M KCl. Odorants were dissolved in ND96 buffer and sequentially applied to an oocyte through the superfusing ND96.
Luciferase Assay
The luciferase reporter gene assay was performed as previously described (Zhuang and Matsunami, 2008) . Briefly, HEK293 cells were cultured in poly-D-lysine-coated 96-well plates (BD BioCoat) and transfected with 50 ng of the tagged OR vector, 10 ng of a cAMP response element promoter-containing firefly luciferase vector (Promega), 5 ng of a thymidine kinase promoter-containing Renilla luciferase vector (Promega), and 10 ng of RTP1S vector using 0.15 ml of Lipofectamine 2000 (Invitrogen). The transfected cells were cultured for 24-28 hr and then stimulated with stimulation medium that contained odorant for 4 hr; luciferase activity was then measured using the Dual-Glo Luciferase Assay System (Promega). Odorants were dissolved in CD293 medium (GIBCO) supplemented with 20 mM L-glutamine.
Generation of MOR215-IRES-tau-EGFP Mouse
Genomic DNA fragments containing the MOR215-1 locus were isolated from a BAC genomic library of C57BL/6 and subcloned into the DT-A/loxP/ PGK-Neo-pA/loxP plasmid (http://www.cdb.riken.jp/arg/cassette.html). To generate a targeting vector for the MOR215-1-IRES-tau-EGFP mouse (CDB0546K; http://www.cdb.riken.jp/arg/mutant%20mice%20list.html), we introduced a SalI site just after the MOR215-1 coding sequence, and IREStau-EGFP cassette was inserted (Nakashima et al., 2013) . Targeting vectors were linearized and electroporated into TT2 ES cells to obtain homologous recombinant ES clones (Yagi et al., 1993) . Cells were injected into CD-1 eight cell stage embryos to produce germline chimeras. The F1 mice were bred with the EIIa-Cre transgenic mice (obtained from The Jackson Laboratory) to excise the floxed neo cassette. 
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